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Abstract 17 

This study presents MCDoseE 2.0, a new fitting program for ESR dating dose response curve 18 

(DRC) fitting and dose calculation. The standalone software was specifically designed to 19 

remove assumed data weighting, and instead to obtain a full probabilistic solution of the DRC 20 

by propagating the uncertainties associated with the measured ESR intensities. It uses a non-21 

linear Bayesian framework, specifically a Markov Chain Monte Carlo (MCMC) scheme based 22 

on the Metropolis-Hastings algorithm, where the solution is a probability distribution for the 23 

equivalent dose, according to the precision of the measurements.  24 

In this paper, we investigate the capabilities and limitations of MCDoseE 2.0 by comparing our 25 

results to those obtained with OriginPro 9.1 ®, a proven and commonly used commercial 26 

software package. The two programs were evaluated against both known-dose samples and 27 

unknown archaeological tooth enamel and quartz samples, using three commonly used DRC 28 

fitting functions. We found that both programs provide highly consistent results. When 29 

comparing the dose estimates obtained by both programs we found that 90% of the solutions are 30 
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statistically indistinguishable regardless of the data weighting assumption used in OriginPro. 31 

We also found that MCDoseE 2.0 offers an increased precision on the ending results compared 32 

to the commercial software, as long as each measured ESR uncertainty remains within 2-sigma 33 

range of the mean error value of all measured ESR uncertainties of the dataset. The accuracy of 34 

the fitting results given by MCDoseE 2.0 are undeniably dependent on the measurement 35 

accuracy, and emphasises the need of a proper assessment of the experimental errors in the ESR 36 

intensities.  37 

A copy of the program is available in Supplementary information, and some basic 38 

instructions for its use are provided, as well as recommendations to ensure reliable and 39 

accurate fitting results. 40 

 41 

 42 

Introduction   43 

In ESR dating/dosimetry, the fitting of the experimental data points is a key step for 44 

obtaining accurate values for the equivalent dose (DE). Since the first application of the method 45 

in the early 1970s, the use of an increasing number of experimental points at higher irradiation 46 

doses have made the ESR dose response curves (DRCs) more complex, invalidating a linear 47 

fitting approach. Consequently, several fitting algorithms have been tested over recent decades 48 

to model saturating exponential dose response curves (e.g. Hayes et al. 1998; Grün and Brumby 49 

1994 and references therein). This is usually done either by researchers developing their own 50 

program or by using a commercially available software package. While it seems preferable to 51 

choose the first option, as it offers the possibility to design a program that perfectly addresses 52 

the research purpose, the advanced knowledge required in several fields such as computer 53 

programming, mathematics and statistics renders the task complicated and time consuming. 54 

Hence, the predilection for commercial software use in ESR dating (e.g. OriginPro, 55 

Kaleidagraph). Nonetheless, even with a detailed user manual, most commercial software 56 

perform frequently as “black boxes”, with limited understanding of the fitting process or control 57 

over the results.  58 

In a recent paper, Duval and Grün (2016) compared the performances of two distinct fitting 59 

programs using the Single Saturating Exponential (SSE) function for DE reconstruction of fossil 60 

enamel. The first was a non-commercial program, FIT-RSES, had been specifically designed by 61 

R. Grün for the above-mentioned purpose and has been continuously improved over the last two 62 

decades (e.g. Grün and Brumby, 1994; Grün, 2000, 2002, 2006). Succinctly, in FIT-RSES the 63 

ESR DRC is fitted by linearization of the SSE function, which offers the advantage of a simple 64 

and fast optimization of the parameters (see further details in Apers et al., 1981; Grün and 65 
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Brumby, 1994). The second program benchmarked in their study was the commercial software 66 

developed by OriginLab Corporation, which is widely used for data analysis (e.g. peak analysis, 67 

curve fitting, statistics, signal processing…) in several disciplines. This software allows non-68 

linear fittings based on the Levenberg-Marquardt algorithm. The graphical interface makes it 69 

easy to use, which has led Origin to be the preferred DRC fitting tool in the ESR dating 70 

community (e.g. Duval et al., 2009; Han et al., 2012; Hoffmann et al., 2003; Kinoshita et al., 71 

2008; Küçükuysal et al., 2011). Duval and Grün (2016) demonstrated that the two fitting 72 

methods provided highly consistent results with the SSE function without introducing any 73 

identifiable bias. For equivalent dose (DE) values ranging around 120 to 250 Gy, the relative 74 

differences in DE results were on average < 1%, while for samples with 600 < DE < 1,000 Gy, 75 

linear conversion yields DE values on average 1-2% higher than those obtained with OriginPro 76 

9.1 ®.  77 

 More recently, Joannes-Boyau and Bodin (2014) introduced MCDoseE 1.0, a new 78 

fitting program for dose evaluation based on a Monte Carlo computation algorithm. The 79 

purpose of the present work is to thoroughly assess the performance of a new version of this 80 

program (2.0) to Origin. Several fitting functions were tested on DRCs of fossil tooth enamel 81 

and quartz samples (aluminium centre). It is worth mentioning here that although the MCDoseE 82 

2.0 program was first designed for ESR DRCs, it can also potentially be used for luminescence 83 

dating purposes, where the same fitting functions are frequently employed. The program is 84 

provided in Supplementary Information, with some basic recommendations for its use to ensure 85 

reliable and accurate fitting results. 86 

 87 

1. Material and methods 88 

1.1. Samples 89 

For the comparison of the programs, we used (dose vs ESR intensity) data from a series of 90 

tooth enamel and quartz samples that have been processed and analysed according to the 91 

standard ESR dating procedures at the Centro Nacional de Investigación sobre la Evolución 92 

Humana (CENIEH), Spain (see further details in Duval et al., 2013; Duval et al., 2017).  93 

The DRCs from tooth enamel and quartz samples were obtained using the Multiple Aliquot 94 

Additive dose method (Zeller et al., 1967; Duval et al., 2013;). Aliquots were irradiated at 95 

increasing dose values with either a 60Co or a 137Cs gamma source. ESR intensities were 96 

extracted from the spectra via Bruker WinEPR system software (Version 2.22Rev. 12) with the 97 

distance cursor tool. This was done by taking the peak-to-peak amplitude between T1 and B2 of 98 

the enamel signal (Grün, 2000) and between the top of the first peak (g=2.0185) and the bottom 99 

of the 16th peak (g=1.9928) for the Aluminium signal measured in quartz samples (Toyoda and 100 
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Falgueres, 2003). Each sample was measured at least three times over different days allowing 101 

the calculation of the mean ESR intensity and standard deviation for each measured aliquot.  102 

The comparison study between the two programs was carried out in two main steps: 103 

(i) First, we selected five DRCs of enamel samples with known-dose, three with an 104 

expected DE value of 1491 Gy (samples #1, #2, #3 of Duval, 2015) and two with an 105 

expected DE value of 196 Gy (#4, #5; Duval and Grün, 2016).  106 

(ii)  Secondly, we have analysed a set of random samples: 19 tooth samples covering a wide 107 

range of DE between 100 and 2500 Gy and 14 quartz samples (Al centre) with DE values 108 

between 100 and 2000 Gy. 109 

The tooth enamel DRCs were tested with two fitting functions: a Single Saturating 110 

Exponential (SSE) function (with selected Dmax satisfying the criteria from Duval and Grün 111 

(2016)), and a Double Saturating Exponential (DSE) function on the full dose range available. 112 

In contrast, the exponential+linear (EXP+LIN) function was tested for the Al centre measured 113 

in quartz samples, using the recommendations by Duval (2012). The detailed equations of the 114 

fitting functions applied in this work are displayed in Table 1.   115 

1.2. DE evaluation with OriginPro software 116 

With OriginPro 9.1, the fitting functions are created as user-defined functions through the 117 

Non-linear Curve Fit box. Fitting was performed using two data weighting options: (i) the 118 

inverse of the squared ESR intensities (1/I2), which results in giving more weight to the first 119 

points of the DRCs (Grün and Brumby, 1994; Duval and Grün, 2016); (ii) the inverse of the 120 

squared experimental errors (1-standard deviation) (1/s2), which consists in giving greater 121 

importance to the points with the smallest errors, similar to MCDoseE 2.0. With this software, 122 

the non-linear fitting is done by an iterative linearized procedure, using a Levenberg-Marquardt 123 

(L-M) algorithm by chi-square minimization. OriginPro 9.1 offers also the possibility to use the 124 

Simplex algorithm, especially when the initialization of the parameters is complicated. In that 125 

case, the Simplex method may be used to get the approximate parameter value for further fitting 126 

calculation with the L-M method. Further details about the non-linear fitting performed by 127 

OriginPro 9.1 may be found in the Origin 9.1 User Guide (2013).  128 

1.3. MCDoseE 2.0 program description 129 

DRC estimation represents a non-linear regression problem, making it difficult to propagate 130 

measurement errors towards the fitted curve uncertainties. The “classical” optimization 131 

approaches, e.g. used in OriginPro, suffer from two major shortcomings: (i) the frequent need of 132 

data weighting and (ii) the impossibility of accurately propagating the error into the DE 133 

calculation. MCDoseE 2.0 tackles the problem using a non-linear Bayesian framework, where 134 

the solution is a probability distribution on the dose equivalent that fully describes the level of 135 
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knowledge on the solution. The MCDoseE 2.0 program uses a Markov Chain Monte Carlo 136 

(MCMC) scheme based on the Metropolis-Hastings algorithm to explore potential solutions 137 

(Fig. 1) (Metropolis et al., 1953, see also Joannes-Boyau and Grün, 2011 and Joannes-Boyau, 138 

2013 for an ESR example). There is no linearization involved with this algorithm, and this 139 

allows for a truthful assessment of uncertainties.  140 

MCDoseE explores the potential solutions using a random walk based on the MCMC 141 

algorithm. The estimation starts with a random guess for the DRC within the dimensional space 142 

model. Parameters are initialized using reasonable values in order to guide the first fitting. At 143 

each step a new DRC is then proposed after perturbing the ESR intensities within their 144 

corresponding error. In other words, new values of ESR intensities are randomly generated by 145 

the Monte Carlo simulations, within the Gaussian distribution dictated by the mean value and 146 

standard deviation at each point. The new DRC is then compared to the previous fitting for 147 

goodness of fit and randomly accepted according to the perturbation parameters. This process is 148 

iterated until the ensemble of accepted models converges towards a stationary distribution. 149 

Detailed instructions can be found in the MCDoseE 2.0 user guide contained in the zip file of 150 

the supplementary material. 151 

 152 

2. Results and discussion 153 

2.1. Known-dose enamel samples  154 

2.1.1. Comparison between MCDoseE and OriginPro 155 

 The DE values of five known-dose enamel samples were estimated using both OriginPro and 156 

MCDoseE 2.0 programs. Results are graphically displayed in Fig. 2 and systematic deviations 157 

from the expected dose are given in Table 2. The following observations can be made from 158 

samples #2 to #5: 159 

- all the DE results agree within error, regardless of the program, the fitting function or the 160 

data weighting options considered. 161 

- MCDoseE recovered the expected dose with the DSE function and in most cases with 162 

the SSE. The systematic deviation of MCDoseE using the DSE fitting on the full range 163 

of the DRC shows the most accurate results and fitting for all solutions, with the errors 164 

between the recovered and known DE to be less than 3% and in most cases 1%.  165 

- The fitting performed with OriginPro and data weighting by 1/s2 provides virtually the 166 

same results as MCDoseE 2.0. Results derived from data weighting by 1/I2 are 167 

nevertheless very similar too. 168 

- The precision in the DE estimates using MCDoseE are significantly smaller than using 169 

OriginPro. However, as a consequence, those highly precise results do not systematically 170 
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overlap with the expected dose, unlike those from OriginPro. This aspect will be further 171 

explored in section 2.1.2. It should be mentioned here that the precision of the DE values 172 

provided by OriginPro can be significantly improved by pooling all repeated ESR 173 

intensities in a single DRC (Duval, 2012). This has no impact of the DE value, but may 174 

reduce the associated error by 50 to 60% if ESR intensities show very little variation 175 

over repeated measurements. This procedure, however, has not been used here, as the 176 

comparison between the two programs was intended to be based on exactly the same 177 

ESR data inputs. 178 

In contrast, MCDoseE using DSE and SSE functions for sample #1 gives an aberrant DE 179 

values of 1092±38Gy and 969±46Gy, respectively, which are -27% and -35% lower than the 180 

expected value. OriginPro provides exactly the same results using 1/s2 data weighting, whereas 181 

using 1/I2 recovered the expected dose. This indicates there are some leverage effects during the 182 

fitting, and some points carry an unexpectedly high weight with 1/s2, but not with 1/I2. A close 183 

look at the ESR data set indicates that the problem originates with only one very small 184 

experimental error (<0.2%), namely the fourth ESR intensity point. The MCDoseE 2.0 program 185 

rejects part of the solution through the iteration and burn-in process (burn-in is a colloquial term 186 

that describes the practice of throwing away some iterations at the beginning of an MCMC run), 187 

being stuck in a local minimum. A similar issue affects the OriginPro fitting with 1/s2, by giving 188 

a major weight to this experimental point. As a matter of fact, when this data point is removed 189 

from the DRC, the resulting DE value is of 1659±79 Gy (vs. 943±201 Gy previously), i.e. 190 

consistent within 2 σ of the expected DE value (Fig. 3).  191 

To summarize, the first set of results shows that MCDoseE provides results consistent with 192 

those derived from OriginPro. For a given function, MCDoseE provides DE estimates that are 193 

closer to the expected value than OriginPro (and is frequently more precise), regardless of data 194 

weighting. Yet, the high precision of some of the results by MCDoseE prevents overlap of the 195 

solution with the expected value. In other words if the uncertainties limit the asscoaited error, 196 

the results will somehow be inaccurate. These specific factors driving the DE precision with 197 

MCDoseE are explored in the next section. 198 

2.1.2. Testing the impact of measurement precision on the DE results obtained with MCDoseE 199 

One of the main reasons for creating the MCDoseE program was the ability to meaningfully 200 

propagate the experimental error of the ESR intensity measurements. The estimated errors in the 201 

Origin software directly depend on the data weighting option selected, and may be biased in a 202 

statistical sense. The MCDoseE 2.0 program works differently by considering the input error for 203 

each data point within the calculation. By doing so, the program propagates the error to the DE 204 

results, but also influences the solution distribution. In table 2, sample#1 shows a very large 205 
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systematic deviation from the known dose. As mentioned above, the reason for such a deviation 206 

originates in the associated error of one specific point (at 792Gy,the associated error is <0.2%). 207 

The small error forces all solutions to pass by or not to deviate far from the point, inducing the 208 

MCMC to remain stuck on a poor solution corresponding to a local minimum, and ultimately 209 

producing a large underestimation of the DE (969Gy±46) (Fig. 4). By increasing the associated 210 

1σ error of this particular point to 1%, the MCMC is able to fully inspect the distribution, with a 211 

DE solution of 1464Gy±31 (Fig. 5). With the increase of the associated error, MCDoseE obtains 212 

a systematic deviation of -1.8% (see table 2). It appears therefore extremely important to test the 213 

influence of error propagation on the solution.  214 

To do so, we have used the ESR DRCs of 5 known-dose samples, but instead of using the 215 

experimental uncertainties, the relative errors were set to specific values. Tests were performed 216 

using 0.1%, 0.5%, 1%, 3%, 5% and 10% of 1σ error for the ESR intensities of all aliquots. Figs. 217 

6 and 7 show the influence of the set errors on the overall DE solution (systematic deviation and 218 

random error). As expected, the magnitude of the experimental errors directly impacts the DE 219 

results calculated with MCDoseE. The higher the error in the ESR intensities, the higher the 220 

resultant systematic deviations and random errors (1σ). The results derived from the SSE and 221 

DSE functions show the same trends. With experimental errors of 0.1%, the systematic 222 

deviation is < 3%, while the precision on the DE is < 1%. In contrast, with a 10% error, the DE 223 

may be overestimated by up to 30%, while the DE precision may also reach a similar value. 224 

In general, the 1σ errors on the ESR intensities are around 1% and rarely exceed 3% (Duval 225 

et al., 2013). With 1% error on the ESR intensities, MCDoseE program provides DE values that 226 

are in agreement within 5% with the expected value, while the precision remains <10% (1 227 

sigma). 228 

The DE error derived from the real experimental (and non-uniform) errors is also plotted on 229 

Figs. 5 and 6 (triangles) for comparison. Interestingly, those SSE results for 2 of 5 samples 230 

follow the trend indicated by the simulations. However, for the remaining 3 samples, the 231 

systematic deviation is higher than expected. This is especially striking for sample #1, for which 232 

the true DE is underestimated by >25% with the SSE (and >30% with the DSE). This is 233 

basically due to the fact that there are one or two points showing a very high precision and 234 

which thus drive the fitting of MCDoseE. Given their precision, they carry a very high weight in 235 

the fitting (see Fig. 3). If for any reason, this point significantly deviates from the behaviour 236 

shown by the other points, then it will lead to the calculation of an incorrect DE result. In 237 

contrast, when ESR intensities have all similar errors, then fitting provides correct values. For 238 

example, with sample #1, one point at 792 Gy shows an extremely precise ESR intensity 239 

(0.16%, while the surrounding points have an error >0.3%: see Fig. 1). When removing the 240 

point, MCDoseE provides a DE result of 1572Gy±33, i.e. much closer to the true DE.  241 
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In summary, those results indicate that the accuracy of the DE value calculated by MCDoseE 242 

is directly dependent on the precision on the ESR intensities (e.g. the higher the precision, the 243 

smaller the random error on the DE). This implies that the correct uncertainties in such points is 244 

probably underestimated, possibly due to the influence of systematic error. Such under-245 

reporting of errors is likely to lead to problems, and should be part of the checks. This also 246 

provides a potential justification for removing points, or increasing the associated errors. The 247 

main limitation of the program remains in the case that one or two points show a significantly 248 

higher precision than the group. By default those highly precise value(s) will carry a major 249 

weight in the fitting and may potentially induce the calculation of an incorrect DE. 250 

Consequently, we recommend to the users of this program to double check the fitting, by 251 

comparing the results obtained using the real experimental errors with the one obtained using 252 

uniform errors of 0.5 or 1.0%. Ideally, all DE values should remain very close to each other. If 253 

not, then one or more associated errors might be problematic. MCDoseE 2.0 has a function to 254 

quickly change the error to 0.5% of the ESR intensity (for more information see the MCDoseE 255 

2.0 user guide included in the supplementary file of this paper).  256 

2.2. Random samples  257 

To further compare the two programs, we have tested the calculations on DRCs from 258 

random fossil teeth (n=19) and quartz (n=14) samples. It is important to note that the true dose 259 

for those samples is unknown, limiting the comparison to the solutions given by the two 260 

programs. 261 

Results obtained for the fossil teeth using the SSE and DSE functions are summarised in 262 

Fig. 8. Both programs give statistically indistinguishable DE results for most samples, with an 263 

average ratio of 0.98 and 0.93 for the DSE function with weighting options by 1/I2 and 1/s2 264 

respectively, and of 0.97 and 0.98 for the SSE with 1/I2 and 1/s2 respectively. The highest 265 

difference observed for the DSE between OriginPro (1/s2) and MCDoseE is caused by the 266 

results obtained for two samples (#3 and #5, see supplementary information table S4): for these 267 

samples, OriginPro provides unrealistically small DE values with large associated errors, 268 

suggesting that the fitting results are unreliable. Without those two samples, the DE ratio 269 

between the 2 programs increases to 0.97. In other words, MCDoseE gives on average results 270 

that are in agreement within 3% with those derived from OriginPro, regardless of the weighting 271 

option considered.  272 

In terms of precision, MCDoseE yields average 1σ  errors of 2.7% using the SSE, vs 4.2% 273 

for Origin (both 1/I2 and 1/s2). Using the DSE function for 19 samples, the average 1σ errors are 274 

3.5% (MCDoseE ) vs 5.0% for Origin (1/I2). In contrast, Origin using 1/s2 yielded an 275 

unexpectedly large average error of 20.5%. This is the result of the two outliers mentioned 276 
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above: without these, the mean error drops to 7.7%. In summary, the fitting results indicate that 277 

MCDoseE provides a better precision of the DE value by 30 to 40 % on average compared to 278 

Origin.  279 

Similar results can be observed with the EXPLIN function on the quartz samples (Fig. 9). 280 

The high correlation between the DE obtained with each program is visually striking, with an 281 

average systematic deviation < 3% for both 1/s2 and 1/I2. MCDoseE and OriginPro (1/s2) 282 

provide the closest values, while the 1/I2 option provides a very different DE value (deviation > 283 

20%) for three samples. One example of a sample providing inconsistent results between 284 

MCDoseE and OriginPro is given in Fig. 10. This discrepancy is simply explained by the very 285 

low position of the natural point with respected to the first irradiated value. MCDoseE by its 286 

algorithm design does not favour the natural point. Even more so in this case as the associated 287 

error is relatively high (approx. 12%). Conversely, this same point will carry maximum weight 288 

with Origin (1/I2), inducing thus the estimation of a much lower DE value. It is however 289 

impossible to determine here which option provides the right answer, as the true dose of the 290 

sample is unknown. That said, it should be mentioned that 90% of the values obtained by both 291 

programs on the random samples for both functions are statistically indistinguishable. DE 292 

precision using MCDoseE is on average 6.3%, while it is of approx. 11% for OriginPro (1/I2 293 

and 1/s2). Consequently, MCDoseE provides an increased precision by about 40% in 294 

comparison with OriginPro, which is consistent with the previous observation made for the 295 

random enamel samples.  296 

 297 

Conclusion 298 

Both the MCDoseE 2.0 program and Origin software provide highly consistent results. The 299 

MCDoseE 2.0 program shows similar capabilities to the Origin fitting. By design, the program 300 

puts much emphasis on the experimental errors associated with the ESR intensities. Those 301 

errors drive the fitting process and directly impact the correctness and precision of the results. A 302 

similar phenomenon occurs when using Origin with data weighting by 1/s2. Consequently, the 303 

accuracy of the fitting results is also directly limited by the reliability of the experimental errors.  304 

The presence of an experimental point with an abnormally small error can potentially induce the 305 

MCMC to be stuck in an inaccurate local minimum solution space. To avoid this issue, we 306 

recommend that each associated error should be checked to comply with a 2-sigma deviation 307 

from the mean error. For a quick evaluation of the potential bias induced by some points 308 

showing exceptionally low errors, the user can select a standard 0.5% error in the program for 309 

all points, and see whether the result remains within error of the DE derived from experimental 310 
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errors. If all parameters are carefully checked and validated, the MCDoseE 2.0 program offers a 311 

reliable dose reconstruction fitting procedure for ESR dating protocol. 312 

The results presented here (re)open some old discussions regarding the importance of an 313 

appropriate data weighting in the fitting procedures in ESR dating (e.g. Lyons et al., 1992; Grün 314 

and Brumby, 1994). So far, it has mostly been recommended to use a data weighting by 1/I2 315 

(Grün and Brumby, 1994; Duval and Grün, 2016), as a leverage to force the fitted curve to go 316 

through the natural point. This is by definition based on the consideration that the natural point 317 

is the most important in the DRC, and the further in dose are the experimental points, the less 318 

weight they should carry. When using data weighting by 1/s2 or the MCDoseE program the 319 

leverage philosophy is different, as it is then considered that the most precise points in the DRC 320 

are the most important, whatever their position. Consequently, depending on the type of data 321 

weighting selected, a given experimental point will carry more or less weight and will not 322 

influence in the same way the fitting results. This has been demonstrated here with known-dose 323 

sample #1, and some random samples (e.g. Fig. 2, 7 and 9). By definition a highly precise point 324 

will not impact the fitting by 1/I2, contrary to that with 1/s2 (Fig. 9). In contrast, an abnormally 325 

scattered point in the first dose steps of the DRC will strongly impact the 1/I2, but not the 1/s2 if 326 

its experimental error is similar or higher than those of the other points (Fig. 9). 327 

In any case, it should be mentioned here that if the ESR data set is good (i.e. experimental 328 

data points have little scatter, all with similar and small experimental errors), the data weighting 329 

option selected should not matter, and all the fitting results should be somewhat similar (see 330 

examples in Fig. 2, 7, 8). As a precaution, and to avoid any potential significant bias induced by 331 

an outlier point, we recommend thus the comparison of fitting results derived from each data 332 

weighting option. If those results are significantly different, then one or more points may carry 333 

an abnormally high weight in the fitting, and a closer look at the ESR data set is then needed to 334 

evaluate whether this is justified. 335 

The use of MCDoseE 2.0 will open new avenues worth exploring in the future, such as the 336 

meaning of experimental errors associated with the ESR intensity. Some results of this work 337 

indicate that a highly precise point is not necessarily correct and may induce a bias in the fitting 338 

results. Experimental errors are in most cases derived from the repeated measurement of a given 339 

points, but other sources of uncertainty that are most likely involved are usually not considered. 340 

For example, it seems clear that the error on the irradiation dose values should at some point 341 

also be taken into consideration in the fitting procedure, in order to correctly assess the true 342 

error on the DE. Further work is required in this direction and a new version of MCDoseE will 343 

be developed in the future to take this uncertainty into consideration. 344 
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Figure captions 412 

Figure 1- Screen shot of the MCDoseE 2.0 fitting program (Windows version). Example of 413 

SSE fitting results for fossil sample TOUR1104 presented in this study. 414 
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Figure 2- Comparison of MCDoseE 2.0 and Origin. DE values obtained by both programmes 415 

compared to the known dose given to the enamel samples (sample #1, #2 and #3, at 1491Gy; 416 

sample #4 and #5 at 196Gy). The known dose is represented by the thin black line and errors on 417 

the dose by the dashed lines. All errors are 1σ. 418 

Figure 3- Comparison of the DRCs obtained by MCDoseE 2.0 and Origin for the known-dose 419 

enamel sample #1. Associated experimental errors are indicated. Because one point has a very 420 

small associated error (0.16% in comparison with the others), it has a huge influence on the 421 

fitting results. When removed from the DRC, the DE increases by almost 700 Gy, i.e. to 1659 422 

Gy. If this point is given an error of 0.5%, then the DE remains around 1655 Gy.  423 

Figure 4- Results of MCDoseE 2.0 on sample#1.  With original experimental errors, iterations 424 

of 100,000, on a DSE calculation over the full dataset. We note that even after 100,000 425 

iterations the solution distribution remains chaotic and poorly constrained. 426 

Figure 5- Results of MCDoseE 2.0 on sample#1.  With homogenised associated errors, 427 

iterations of only 50,000, on a DSE calculation over the full dataset. If we compare with figure 428 

3, we can see that the MCMC is able to accurately calculate a Gaussian distribution when the 429 

associated errors are not limiting the solution space. 430 

Figure 6- Impact of the experimental errors on the DE results (SSE function). Evolution of the 431 

systematic error (relative deviation with the expected dose) and random error (DE precision) 432 

with the magnitude of the experimental error of the ESR intensities. Calculations were 433 

performed assuming uniform relative experimental errors (circles) for all aliquots of a given 434 

sample of 0.1%, 0.5, 1%, 3%, 5 % and 10% (1σ errors). The results (1σ errors) for real non-435 

uniform experimental errors (triangle) are also indicated (the mean experimental error derived 436 

from the individual error on each aliquot was used for the plot). These tests were run on known-437 

dose samples: for samples #1, #2 and #3, the expected dose is 1491 Gy, while it is 196 Gy for 438 

samples #4 and #5. 439 

Figure 7- Impact of the experimental errors on the DE results (DSE function). Evolution of 440 

the systematic error (relative deviation with the expected dose) and random error (DE 441 

precision) with the magnitude of the experimental error of the ESR intensities. Calculations 442 

were performed assuming uniform relative experimental errors (circles) for all aliquots of a 443 

given sample of 0.1%, 0.5, 1%, 3%, 5 % and 10% (1σ errors). The results (1σ errors) for real 444 

non-uniform experimental errors (triangle) are also indicated (the mean experimental error 445 

derived from the individual error on each aliquot was used for the plot). These tests were run on 446 

known-dose samples: for samples #1, #2 and #3, the expected dose is 1491 Gy, while it is 196 447 

Gy for samples #4 and #5. 448 

Figure 8- Comparison of MCDoseE 2.0 and Origin. Correlation between DE results obtained 449 

with MCDoseE with those from Origin (data weighting by 1/I2 and 1/s2) for 19 tooth enamel 450 

samples, with both DSE and SSE functions fitted. The solid line represents a 1:1 ratio. All 451 

errors are 1σ. 452 
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Figure 9- Comparison of MCDoseE 2.0 and Origin. Correlation between DE results obtained 453 

with MCDoseE with those from Origin (data weighting by 1/I2 and 1/s2) for 14 quartz samples. 454 

Fitting was performed using EXP+LIN function (see Table 1). All errors are 1σ. 455 

Figure 10- Comparison of the DRCs obtained by MCDoseE 2.0 and Origin for the quartz 456 

sample #2. This graph illustrates the impact of the fitting procedure in case of scattered DRCs. 457 

 458 

 459 

 460 

 461 

 462 

Tables  463 

 464 

Function Equation Fitted param. 
SSE �(�) = ���� ∗ (1 − �(����)/��)) (3): Isat, D0, 

DE. 

DSE  (5): I1, I2, D1, 
D2, DE. 

EXP+LIN �(�) = �� ∗ �1 − �(����)/��� + � ∗ (� + ��) (4): I1, m, D0, 
DE. 

Table 1- Equations of the various fitting functions used in the present work. 465 

 466 

 MCDoseE 2.0 OriginPro 

 
DSE SSE 

DSE 
(1/I2) 

DSE 
(1/s2) 

SSE 
(1/I2) 

SSE 
(1/s2) 

#1 -35.0 -26.8 -1.6 -36.8 -2.0 -28.1 

#2 0.9 4.8 4.7 2.7 4.0 4.5 

#3 -0.7 1.8 1.5 1.6 -0.4 2.0 

#4 2.7 4.5 4.9 7.8 6.4 8.1 

#5 0.4 -2.3 3.2 0.2 1.4 -2.4 

Table 2- Comparison of the systematic deviations (in %) between the known DE value (1491Gy 467 

for sample #1, #2 and #3; 196Gy for samples #4 and #5) and the recovered DE using MCDoseE 468 

2.0 and OriginPro 9.1. (data weighted by 1/I2 and 1/s2). With the SSE, Dmax = 2480 Gy for #1, 469 

#2 and #3 and 1368 Gy for #4 and #5.  470 

 471 
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